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PASSIVE MICROWAVE REMOTE SENSING FOR LAND RESOURCES

Eni G. Njoku
Jet Propulsion Laboratory
Cadlifornia Institute of Technology
Pasadena, CA 91109

SUMMARY

Spaceborne microwave radiometry is an important technique for obtaining global estimates of
parameters important to the Earth’s hydrologic cycle, land resources, environmental monitoring,
and climate. They key physical processes involved in these applications are the land-atmosphere
exchanges of heat and moisture, and their status and variability on different time and space
scales. Microwave observations are sensitive to geophysical parameters that influence these
processes, such as surface temperature, soil moisture, and vegetation parameters which influence
transpiration. Microwave radiometry from space using current sensors is limited to spatial
resolutions of -10 to 120 km, depending on wavelength. These resolutions are adequate for
climate and large-scale monitoring applications. Future spaceborne sensors currently in the
development stage will have better spatial resolutions, more appropriate for mesoscale
monitoring, weather, and hydrologic applications. Radiative transfer models have been
developed to describe the effects of land surface and atmospheric parameters on microwave
brightness temperature. These models have been used to interpret satellite observations at a
range of frequencies from 1,4 to 90 GHz using observations from spaceborne sensors such as
the Nimbus-7 SMMR and DM SP SSM/I. Estimates of surface parameters from satellite data
include vegetation index and seasonal flooding derived from the 37 GHz channels of the SMMR
and SSM/I instruments, and soil moisture, temperature, and vegetation change derived from
multiple channels of the same instruments. The effects of atmospheric humidity and clouds on
surface estimates using the higher frequency channels have also been studied. Results show that
spaceborne radiometers can provide information of critical importance in such operational
applications as agriculture, water resource planning, flood and drought monitoring, and weather
and climate forecasting.
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[. INTRODUCTION

Microwave radiometers have observed the Earth from space since the late 1960’ s (Njoku,

1982; Hollinger et al., 1990). Since then most applications have emphasized observations of the

atmosphere, oceans, and polar regions. Interpretation of microwave observations over land (e.g.
for monitoring soil moisture, vegetation, temperature, and precipitation) has not been emphasized
due to the low spatial resolution of microwave radiometers relative to the spatial scales of land
surface features, and to the complexity in modeling the radiative emission and- transfer
characteristics of land surfaces. In recent years, however, improved models have been
developed describing the relationships between brightness temperature and land surface
parameters over a range of frequencies, polarizations, and viewing angles. It has been
recognized that microwave techniques permit unique observations of land surface parameters
critical to the Earth’s hydrologic cycle, such as soil moisture, vegetation, precipitation, and
snow, Increasing amounts of global, multiyear data have been acquired from spaceborne
radiometers such as the SMMR on the Nimbus-7 satellite and the SSM/I on the DM SP satellites,
and there is now an awareness of the need for quantitative estimation of land surface parameters
over large spatial and tempora scales for environmental monitoring and as boundary conditions
for validation of regiona and global climate models (Becker et a., 1988; GEWEX, 1990).
These developments have led to increased interest in the potential of microwave radiometry for

global observations of land surfaces.

Figure 1 shows the major processes taking place in the Earth’s hydrologic cycle.
Precipitation in the form of rain is partitioned at the surface into infiltration, runoff, and
evaporation. Infiltration results in groundwater flow and soil water storage, some of which (in
the root zone) is available to plants and re-enters the atmosphere by transpiration, Precipitation in

the form of snow results in storage followed by snowmelt and further infiltration and runoff. If



precipitation is excessive and the soil is near saturation flooding may occur. Conversely, if

precipitation is minimal overextended periods, and the water storages are depleted, this may lead
to drought conditions. It is clear that understanding and monitoring the spatial and temporal
variability of these aspects of the hydrologic cycleis critical to managing the water supply for
agricultural, industrial, and domestic needs. The processes of evaporation and transpiration
(evapotranspiration) are associated with transfer of latent heat from the surface into the
atmosphere. The latent heat flux is a component of the surface energy balance (other components
are net radiation, sensible heat flux, and soil heat flux) and is an important process in determining
regional and globa weather and climate patterns (Miller, 1977). Genera circulation model
(GCM) simulations have shown that soil moisture conditions area critical factor in determining
regional and global climate(e.g Shukla and Mintz, 1982).

Land-atmosphere interaction models used in theseGCM simulations seek to describe the
exchanges of energy and water between the surface and atmosphere in terms of physically
measurable parameters (Sellers et a,, 1986). Some of these parameters such as incoming solar
radiation, surface albedo, soil moisture, vegetation type and fractional cover, surface
temperature, snow cover, precipitation, and others can be measured by a combination of remote
sensing techniques including visible, infrared, and active and passive microwave. Most of these
parameters are amenable to direct measurement using microwave radiometry. In practice a
combination of remote sensing data and surface meteorological data are needed as inputs to the
surface flux models since no single approach can adequately provide estimates of al the required
Inputs (Kustas et al., 1991),

In this paper we discuss the status of spaceborne microwave remote sensing for land
applications. The discussion is restricted, due to space limitations, to snow-free land, in

particular to measurements of soil moisture, temperature, and vegetation.



1. PASSIVE MICROWAVE SENSING

In order to illustrate the applications of microwave radiometry in land remote sensing a
short description of the radiative transfer models and estimation techniques is presented. More
detailed descriptions are available in Ulaby et al. (1986) and Tsang et al. (1985). Radiative
transfer models relate brightness temperatures measured by aspaceborne radiometer to physical
features of the surface and atmosphere, The physical features are described by parameters which
govern the absorption, emission, and scattering properties of the medium, The relationship of

these parameters to the measured brightness temperatures maybe expressed as.

Tp; = Fi(p) (1)

where, T; are brightness temperatures at wavelengths (or channels) i, and F; are radiative

transfer functions of geophysical parameters p; (which make up the parameter vector p).
information on the parameters p; may be extracted from the satellite measurements 7'; via an

inversion modd:

pj - Gi(Tp) 2

where, G are inverse relationships derived from #; and may include a priori information or
congtraints. If the number of measurementsTg; making up the brightness temperature vector Tg
is smaller than the number of parameters p; then the inverse problem is underdetermined and
additional information or constraints must be applied to solve for p;. In some cases the
relationships of Equation (1) are nonlinear and an inversion technique based on Equation (2)

must be applied iteratively to converge to the correct solution,




The number of parameters required to accurately describe a given surface and atmosphere

for arange of environmental conditions can be quite large (Sellers et a., 1986), and may include
parameters for which information is not primarily of interest. Hence the goal is often to smplify
the models to parameters of direct interest, while adequately describing the physics, and to
provide a priori information (and associated uncertainties) for the remaining parameters, For
spaceborne applications it is particularly important to use simple parameterizations since the
number of radiometer measurement channels is limited, and it is often difficult to get adequate a
priori information from other sources (i.e. climatology or ground truth), With simple
parameterizations it is possible to vaidate the models of Equation (1) using satellite data, and to
develop inversion algorithms based on the form of Equation (2) to retrieve surface parameter

values from the satellite data,

For snow-free land, the surface terrain and radiometer viewing configuration can be
depicted schematically asin Figure 2. A radiative transfer model simulating this configuration,
which has been adopted by severa investigators (e.g. Mo et al., 1982; Kerr and Njoku, 1990;
Choudhury et a., 1990), isthat of a single uniform vegetation layer above arough soil surface.
The soil is assumed to have uniform vertical distribution of moisture and temperature. Above the

surface is an atmosphere with mean temperature T,, and opacity z,. The radiative transfer

equation at a given frequency for this model can be expressed as:

Tp, = Ta(1-€%)[L+ 15, e(% + 20|+ T,e%[1-7s, e-2%| 3)

where, ry, is the reflectivity of the soil (beneath the vegetation canopy), % is the canopy opacity,
and T, is the effective temperature of the soil surface and vegetation (here assumed equal). The
subscript p denotes polarization (vertical v, or horizontal k). In this expression rough surface
scattering is approximated by a modified specular reflectivity ry,. The reflectivity depends on the

soil moisture m, and therms height o and horizontal correlation length 1 of the surface roughness



(Tsang et a., 1985). It is assumed for simplicity that the vegetation is comprised of sparse,
randomly distributed absorbers, with no scattering within the medium or reflection at the air-
vegetation interface. The opacity 1, is then afunction of the vegetation water content W, and a
factor u which varies according to the canopy geometry (as determined by vegetation type)
(Kirdyashev et al., 1979). Equation (3) assumes that at the frequencies of concern (surface-
viewing, atmospheric window frequencies) the atmosphere is not highly absorbing and can be
described adequately by a mean temperature approximation (Westwater et a., 1990). The
atmospheric opacity 1, is afunction of the atmospheric columnar water vapor V, and cloud liquid
water content L. Thus, for this ssimple model Equation (3) has the form of Equation (1) where

the parameter vector p has the components:

5 = [nl, O', 1, Wc, U, 7‘8’ Ta, V, L] (4)

More sophisticated models take into account the following factors. The non-scattering
assumption becomes inaccurate for most types of vegetation at frequencies above -10 GHz. At
higher frequencies Equation (3) can be modified to include single and higher orders of scattering
(Tsang et al., 1985). Expressions for opacity 7, and scattering phase function P(6,6") have been
developed to take into account scattering from leaves, branches, and stems in the vegetation layer
(Mo et a., 1982; Choudhury et a., 1990; Chuang et a., 1980), For moderate scattering, the
single scattering albedo @(the ratio of absorption to extinction coefficients) is a useful parameter.
Its effect is generally to reduce the brightness temperature of the vegetation canopy, At
frequencies greater than ~10 GHz, @ may become significant for certain types of vegetation, and
may exhibit a polarization dependence due to preferred orientations of leaves and stalks in the
medium, In some cases this can lead to unexpectedly lower values for vertical than for horizontal
polarizations in observed canopy brightness temperatures (Miitzler, 1990), For a radiometer
footprint which includes regions of bare and vegetated soil, the brightness temperature may be

modeled as a composite quantity:



T8, =¢ ThBpcant (1 - ©) T8y pare (5)

where, C is the canopy fractiona coverage, and:

TB, can = T8, (Equation (3), where: T, = Te,) (6a)
TBy pare = TBp (Equation (3), where: 7, = O; Te = Te,) (6b)

and, Tel and 7, are the temperatures of the vegetation-covered and bare soil, respectively. Tel

and T,, may differ significantly due to the different surface heat flux conditions in the two cases.

Observational data can be used to illustrate some of the relationships between brightness
temperature and geophysical parameters expressed by Equations (1), (3), and (4). For example,
Figure 3 shows aircraft radiometer measurements of brightness temperatureTp at a wavelength
of 21 cm (f = 1.4 GHz) as a function of soil moisture m (Schmugge, 1990). Independent
measurements of o and 1 were not made, but the test sites could be grouped into three roughness
categories based on ground photographs. A linear relationship of the form: Tg= a+ b mis
observed, where a and b are coefficients which depend on the degree of roughness. The effects
of roughness observed in Figure 3 for these agricultural fields is not large at this wavelength.
The linear relationships may thus be inverted to obtain useful estimates of soil moisture from the
brightness temperature data. The scatter observed in the data maybe due to variations in other
parameters such as surface temperature, or to errorsin either the brightness temperature or soil

moisture measurements,

ion




At off-nadir angles (such as the ~50° viewing angle of the SMMR and SSM/I instruments
- see Table 1)) the vertical and horizontal brightness temperatures exhibit different functional

dependencies on surface moisture, roughness, and vegetation parameters. Bare, smooth soils
with high moisture contents exhibit large differences between Tg, and Tgy, while dry soils,

increased surface roughness, and vegetation all tend to decrease the polarization difference. For

this reason, indices representing the polarization difference have been used to interpret satellite

data, Two such indices are the Microwave Polarization Difference Temperature (MPDT, or AT)
(Choudhury, 1989) and the Polarization Ratio, or Index (PR, or PI) (Kerr and Njoku, 1990;
Wang et a., 1982; Paloscia and Pampaloni, 1988). These are defined as:

AT = Tg, - T, (7a)
PR = (Te,- T,/ (Te,+ TBy) (7b)

When atmospheric absorption is negligible, the indices take the simple forms:
AT = T, (& -¢p) (8a)

PR = (& -0)/ (& + &) (8b)

where, g, = 1 - Tsp e-2% (p = Vv or h) isthe emissivity of the composite soil/vegetation surface.
AT and PR have similar sensitivities to moisture, roughness, and vegetation. However PR is
independent of surface temperature and hence can be used to study moisture and vegetation

“effects without considering temperature variability. Figure 4 shows the simulated variation of

AT with frequency using representative values of model parameters. The baseline curve is for
valuesof T,= 15“C,m=0.3 g/lem2,6 =W,= V=L = O, and C = 0.3. The remaining curves

show the effects of cumulatively changing the parameters in the sequence: T.= 25 “C, m = 0.05




g/cm2, 0 = 0.05 cm, WC= 0.1kg/m2,v =45 g/em2, L = 0,1 g/em2. For example, the bottom
curveisfor al parameters changed to the above values, The main features to be observed from
Figure 4 are the large increase in AT with increased moisture, and the decrease in AT with
increasing vegetation, roughness, and atmospheric moisture, especialy at the higher frequencies.
The magnitude of these effects varies with frequency, hence, in principle, multifrequency
measurements may be used to independently estimate the geophysical parameters. The
frequencies of the Nimbus-7 Scanning Multichannel Microwave Radiometer (SMMR) (Tablel)

are indicated on the figure for reference.

111. SPACEBORNE OBSERVATIONS ANI) APPLICATIONS

Table 1 lists the primary spaceborne microwave radiometers for which land applications
studies have been reported in the literature. Descriptions of the first five instruments may be
found in Njoku (1982) and Hollinger et a. (1990). Table 1 aso includes two sensors which are
currently in the approved (MIMR) and planning (ESTAR) stages. These instruments are
described in ESA (1990) and LeVine et d. (1990), respectively.

Studies using data from the Nimbus-7 SMMR and the DM SP SSM/I have been used to
classify land cover types. Townshend et al, (1989) compared SMMR 37 GHz MPDT data with
Normalized Difference Vegetation Index (NDVI) data derived from the AVHRR instrument on
the NOAA satellites (visible and infrared channels). The multi-temporal characteristics of the
data over an annual cycle were used with a rnaximum-likelihood technique to classify up to
sixteen land cover typesin Africa and South America. The accuracy with which the classifier
correctly identified the classesis shown in Figure 5 for a few selected classes. The 37 GHz
SMMR data showed a high degree of success (>80%; and higher success than the AVHRR) in



Table 1. Spaceborne microwave radiometers used for land studies.

SENSOR Y ear of FREQUENCIES (GHz)

(Satellite) Launch. (Approx. Spatial Resolution (km))

ESMR-5 1972 19.3

(Nimbus-5) (29)

S-194 1973 1.4

(Skylab) (115)

ESMR-6 1975 37.0
(Nimbus-6) (29)

SMMR 1978 6.6 10.7 180 21.0 37.0
(Nimbus-7) (140) (90) (55) (45) (30)

SSM/1 1987 193 222 37.0 85. S
(DMSP) (70)  (60) (37) (15
MIMR/AMSR 1998(?) 6.8 10.7 187 238 365 90
(EOS) ) (3® (2 @) @12 ©
ESTAR (7 1.4

(??) (10)

classifying land cover in the arid zones (i.e. desert, semi-desert, Sahel, and Northern Sudan).
Less accuracy than the AVHRR was found in regions of denser vegetation. This indicates the
high sensitivity at 37 GHz to small amounts of vegetation, and the lower sensitivity at high

vegetation opacities. Better accuracy in classifying denser vegetation may be attainable using
lower SMMR frequencies (hence lower opacities), although degraded spatial resolution results.
Classification studies usingmultifrequency SMMR and SSM/I data have a so been reported by
Ferraro et a. (1986), Neale et a, (1990), and others, These studies have derived empirical
combinations of radiometer channels sensitive to specific surface types, yet these results often do
not provide sufficient insight into the physical interactions necessary to develop quantitative

parameter retrieval agorithms.




Soil Moistule_and_Flooding

A number of case studies have been performed for estimating soil moisture or wetness
using spaceborne microwave data, These date from early sensors such as the L-band radiometer
on Skylab to the more recent SMMR and SSM/1. Because of the low spatial resolution (-100
km) at the L- to C-band frequencies, which are most useful for soil moisture sensing due to their
Increa’ed vegetation penetration, it is difficult to obtain representative ground truth data for
comparison with the spaceborne data over similar spatial scales. Much use has been made
therefore of the Antecedent Precipitation Index (API) which combines sparsely sampled soil
moi sture measurements with meteorological data and water balance models to generate alarge-
scale area-averaged moisture index. McFarland (1976) showed a strong relationship between the
Skylab 21-cm brightness temperatures and Antecedent Precipitation Index (API) for data
obtained over the central U.S. A correlation coefficient of greater than 0.85 was found between
brightness temperature and API. Eagleman and Lin (1976) performed a similar analysis
comparing the brightness temperature with soil moisture estimates based on a combination of
actual ground measurements and calculations of the soil moisture using a climatic water balance
model,

Studies using Nimbus-5 Electrically Scanning Microwave Radiometer (ESMR) 1.55-cm
wavelength data (Schmugge et a., 1977) indicated the limitations on soil moisture sensing at this
wavelength due to the increased sensitivity to vegetation. Wang (1985) investigated the
vegetation sensitivity by analysis of Skylab 21-cm radiometer data and Nimbus-7 SMMR 5-cm
data, The microwave brightness temperatures were correlated to API but there was a strong
dependence on vegetation cover at the shorter wavelength. These studies point out the need for
information on the surface vegetation cover before inferences of soil moisture can be made from

satellite observations over vegetated terrain.



Choudhuryand Golus (1988 ) investigated the useofan AVHRR-derived vegetation

index (NDVI) to quantify the vegetation effects on microwave soil moisture, Figure 6 illustrates
the relationship between Nimbus-7 SMMR 6 GHz horizontally polarized data and API for two
regions in eastern Kansas and in western Texas. The Kansas site was more vegetated than the
Texas site asindicated by NDVI values of 0.4 and 0.25 respectively. The slope of the Tg vs.
API regression was found to be correlated with NDVI, indicating that from satellite
measurements of Tg and NDVI it may be possible to estimate API, Seasonal flooding of selected
areas over South America has also been studied by Giddings and Choudhury (1989) using 37
GHz 25 km resolution data from the Nimbus-7 SMMR. Under certain conditions, an increase in
river height can lead to flooding of the low-lying river banks and an increase in the area of
exposed water. Although no precise relationship has been developed between river height,
exposed water, and brightness temperature, the similarity of the observed river height and
brightness temperature time series indicates the potential of passive microwave data for

monitoring seasona flooding.

Vegetation

The relationship between SMMR 37 GHz MPDT and vegetation characteristics has been
studied by Choudhury (1989) and others. Observed temporal variations of MPDT for three
regions over Africa are shown in Figure 7. These regions are the Sahara desert (Egypt), Sahel
(Niger), and tropical savanna (Botswana). There is little vegetation over the Sahara region where
the MPDT values are highest and show little temporal variation. Over the Sahel, as the annual
grasses grow in response to rainfall, the MPDT values decrease and then increase as the grasses
dry out and lose their moisture. The vegetation growth over the tropical savannain the southern
hemisphere is roughly six months out of phase with the northern hemisphere. The savanna

vegetation has a woody component associated with the shrubs and trees, and the MPDT vaues




are somewhat smaller than over the Sahel. Figures 5 and 7 indicate the potential of SMMR data

for monitoring temporal changes in vegetation density and extent of ecosystemsin arid regions.

Kerr and Njoku (1990) used amodel similar to that of Equations (3) and (4) to interpret
multifrequency data from the Nimbus-7 SMMR over the African Sahel. Data were analyzed in
terms of the polarization ratio (PR) at frequencies from 6.6 to 37 GHz, and showed that the
temporal changesin PR over an annual cycle were consistent with local an:.ual variationsin
meteorological and climatic conditions of the surface and atmosphere. This work, and more
recent studies, have shown that data such as shown in Figure 7 must be interpreted with caution
since corrections for seasonal variations of atmospheric moisture (water vapor and clouds) may

be necessary.

Temperature

There have been few studies of the use of microwave radiometry in estimating land
surface temperature. This has perhaps been due to the difficulty in accounting for the variability
of surface emissivity, which must be estimated in order to retrieve surface temperature. It is also
difficult to define a mean radiating temperature over the often complex terrain within a radiometer
footprint, and to acquire representative in situ temperature measurements for validating the
satellite measurements. McFarland et al. (1990) performed a regression anaysis using DMSP
SSM/I data which showed that by careful screening of surface types, and by matching
multifrequency SSM/I data spatially and temporally with meteorological near-surface atmospheric
temperatures, agreement between satellite and in situ temperature estimates could be obtained to
‘an rms accuracy of -2-3 ‘C. For most surfaces the 85 GHz vertical channel showed the best
correlation with temperature (presumably since for this channel the surface has the least variable

emissivity), and performed reasonably well as a temperature estimator when corrections for



atmospheric effects from the 22 and 37 GHz channels were available, Figure 8 shows the

regression results for moist soil, and tabulated values for the other surface types.

V. FUTURE WORK

The previous sections have described modeling and data analysis results that indicate the
uses of passive microwave space observations for land applications. Future work will focus on
development of more quantitative parameter retrieval algorithms and will make use of higher
resolution multifrequency data, Multi-frequency, dual-polarized data will be necessary to retrieve
multiple parameters such as temperature, soil moisture, and vegetation biomass. Stable
instrument calibrations will be required to enable detection of changing land cover features on
multiyear time-scales. Retrieval algorithms will need to account for nonlinear effects of
vegetation biomass and fractional coverage on brightness temperature, and a means for correcting
atmospheric effects at higher frequencies will be necessary, Use of microwave water vapor

sounders operating at frequencies near 183 GHz may satisfy this latter requirement.

The requirement for multifrequency high resolution data will be addressed to some extent
by the Multifrequency Imaging Microwave Radiometer (MIMR) to be launched on the Earth
Observing System (EOS) in approximately the year 2000, and the Electrically Scanned Thinned
Array Radiometer (ESTAR) currently in the early planning stage (Table 1). A focused program
of ground-based and aircraft controlled field experiments is needed to improve the microwave
models of vegetation emission and scattering and to develop retrieval algorithmsin preparation

for these new data sources.
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FIGURE CAPTIONS

Iii éjzr)e 1. Major processes involved in the Earth’s hydrologic cycle (adapted from Smagorinsky,

Fi%l‘ljre 2. S)oil-vegetation configurations and radiometer viewing geometry (adapted from Sellers
et a., 1986).

Figure 3: Plot of Tg versus soil moisture for aircraft observations at 21-cm wavelength over a
test sitein Hand Conty, South Dakota. The data are grouped into three roughness categories
based on ground photographs (from Schmugge, 1990).

Figure 4: Variation of polarization difference AT with frequency for cumulative contributions of
surface and atmospheric model parameters.

Fi %ure 5: Classification accuracy for selected surface typesin Africausing SMMR 37 GHz
MPDT and AVHRR NDVI (from Townshend et ., 19893/.

Fi gure 6. Comparison of SMMR 6.6 GHz brightness temperature with antecedent precipitation
index (from Choudhury and Golus, 1988).

Figure 7: Temgporal variations of SMMR 37 GHz MPDT in different vegetation zones (from
Choudhury, 1989).

Figure 8: Land surface temperature regression estimates using SSM/I data and in situ screen air
temperatures (from McFarland et al., 1990).
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Regression Coefficients and Statistics for 4-Channel Model:
Land Surface Tvpe ~ R?2 RMSE  Inercept 85V 37V 2V  19H

Crops/range 0.81 2.58 2240 1239 -0.396 0.275 -0.174
Moist soils 0.85 1.99 41.69 1,245 -0.724 0.415 -0.063
Dry soils 0.62 2.60 76.28  -0.367 -0.318 1.408 0.025
All 0.79 2.37 58.07  0.811 -0.555 0.730 -0.170
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